Abstract-This paper presents a simple and systematic approach to the design of a practical sliding mode voltage controller for buck converters operating in continuous conduction mode. Various aspects of the design, including the associated practical problems and the proposed solutions, are detailed. A simple and easy-to-follow design procedure is also described. Experimental results are presented to illustrate the design procedure.
Concurrently, there was also an alternative approach of limiting the switching frequency, which is through the incorporation of a constant ramp function into the controller to determine the switching of the converter [7] , [15] . The main advantage of this approach is that the switching frequency is constant under all operating conditions, and it is easily controllable through varying the ramp signal. Basically, there are two methods of implementing this constant frequency operation. The first method is to encode the ramp signal into the discontinuous SM switching function of the controller [15] . The advantage of this method is that it is straightforward and simple to implement. However, this comes at an expense of additional hardware circuitries, as well as deteriorated transient response in the system's performance caused by the superposition of the ramp function upon the SM switching function. The second method is to compare the continuous input signal (commonly termed as ) generated from the SM equations derived from the equivalent control method, with the ramp waveform to create the switching operation [7] . Conceptually, this is analogous to the way in which fixed switching frequency is obtained in classical PWM control schemes whereby the control signal is compared to the ramp waveform [16] . The advantage of this method over the previous method is that there is no need for additional hardware circuitries since the switching function is replaced by the PWM modulator and that transient response is not deteriorated. However, the drawback of this method is that the implementation of the equivalent control law to obtain requires computations that are too complicated to be implemented with analog controllers [8] . On the other hand, even though possible, the implementation of digital controllers on power converters is costly and unpopular.
Considering that these methods were introduced with the primary objective of suppressing high switching frequency [14] , their disadvantages probably outweigh their advantages since this may easily be performed by controlling the hysteresis band of the SM switching function.
Hence, one objective of this paper is to introduce a mathematical model for the hysteresis band method that was originally proposed in [14] , so that engineers may conveniently adopt it for the implementation of the SM controller. Nevertheless, this paper is still principally focused on introducing a simple approach that is easily applicable in the development of a sliding mode voltage controlled (SMVC) buck converter, to bridge the gap between the control principle and circuit implementation. To present a complete exposition, mathematical derivations and theoretical analyzes which extend from the work of [5] are firstly performed. Moreover, the approach is presented in a manner involving only a standard SMVC buck converter model and some simple guided steps and design equations. This allows designer to skip through laborious preliminary derivations when performing the controller's design.
Section II details the theoretical derivation of an ideal SMVC buck converter, the description of the problems associated with practical implementation, and the proposed solutions to these problems. Section III presents a standard converter model with a simple design procedure. In Section IV, the experimental results under various operating conditions are given. These experiments were conducted on a converter that was designed using the proposed procedure. Finally, Section V gives the conclusion to the paper.
II. THEORETICAL DERIVATION
This section covers the theoretical aspects of the SMVC converter. Complete mathematical derivations of both the ideal and practical converter designs are presented.
A. Mathematical Model of Buck Converter
To illustrate the underlying principle, the state space description of the buck converter under SM voltage control, where the control parameters are the output voltage error and the voltage error dynamics (in phase canonical form) [8] , is first discussed. Fig. 1 shows the schematic diagram of an SMVC buck converter. Here, the voltage error and the voltage error dynamics (or the rate of change of voltage error) under CCM, can be expressed as (1) where , , are the capacitance, inductance, and load resistance, respectively, , , and are the reference, input, and sensed output voltage, respectively, 1 or 0 is the switching state of power switch . Then, by differentiating (1) with respect to time, the state space model can be obtained as
The graphical representation of individual substructures of the system with 1 and 0, for different starting conditions, are shown in Fig. 2 . It can be seen that when , the phase trajectory for any arbitrary starting position on the phase plane will converge to the equilibrium point ( , 0) after some finite time period. Similarly, when , all the trajectories converge to equilibrium point ( , 0). These characteristics will be exploited for the design of the SM voltage controller.
B. Design of an Ideal SM Voltage Controller
In SM control, the controller employs a switching function to decide its input states to the system [1] . For SM voltage controller, the switching state can be determined from the control parameters and using the switching function (3) where is the control parameter (termed as sliding coefficient) to be designed; ; and . By enforcing , a sliding line with gradient can be obtained. The purpose of this sliding line is to serve as a boundary to split the phase plane into two regions. Each of this region is specified with a switching state to direct the phase trajectory toward the sliding line. It is only when the phase trajectory reaches and tracks the sliding line toward the origin that the system is considered to be stable, i.e., 0 and 0. The specification of the switching state for each sector in the case of a second order system like the buck converter can be graphically performed by observing the behavior of the trajectories in Fig. 3 , which is a combination of the two plots in Fig. 2 . It can be observed that if the phase trajectory is at any arbitrary position above the sliding line ( 0), e.g., point , must be employed so that the trajectory is directed toward the sliding line. Conversely, when the phase trajectory is at any position below sliding line, e.g., point , 0 must be employed for the trajectory to be directed toward the sliding line. This forms the basis for the control law when when (4) Although abiding the hitting condition [5] , which states that the system trajectory must eventually reach the sliding line, the control law in (4) only provides the general requirement that the trajectories will be driven toward the sliding line. However, there is no assurance that the trajectory can be maintained on this line. To ensure that the trajectory is maintained on the sliding line, the existence condition, which is derived from Lyapunov's second method [17] to determine asymptotic stability, must be obeyed [1] , [6] (5) Thus, by substituting the time derivative of (3), the condition for SM control to exist is for for (6) where is an arbitrarily small positive quantity. Substituting (2) and (4) into (6), the inequalities become (7) where (8) The above conditions are depicted in , that covers both Regions 1 and 2. In this case, this portion is within and , where is the intersection of 0 and 0; and is the intersection of 0 and 0. Since the phase trajectory will slide to the origin only when it touches 0 within , it will overshoot the sliding line if the trajectory landed . Hence, for the practical condition that , the system trajectory will be bounded within the region . Taking this into account, the maximum existence region will occur when . Furthermore, by manipulating (3), we have (9) where is any point in time and is the voltage error at . From this, it can be understood that the choice of in the SM design is more than controlling the existence region. It also controls the dynamic response of the system with a first order time constant of (10) Hence, to ensure that is high enough for fast dynamic response and low enough to maintain a large existence region, it is proposed to set (11) It should however be noted that must be a positive quantity to achieve system stability. This can be analyzed from (7) and (9) by the substitution of a negative quantity, resulting in, respectively, a phase trajectory that moves away from the phase plane origin and an that does not tend to zero.
C. Design of a Practical SM Voltage Controller
In this section, a practical SM voltage controller is considered. The sliding line defined in the previous section is redefined to accommodate for hardware limitations. Additionally, a hysteresis band is introduced to the sliding line as a form of frequency control to suppress high frequency switching. The relationship of hysteresis band versus switching frequency of the SMVC buck converter is derived.
1) Redefinition of Sliding Line: As previously mentioned, SM controller requires the continuous assessment of the parameters and for its control. By substituting (1) and (9) into (3), we have (12) where and . From the equation, the terms ( ) and are the feedback state variables from the converter that should be amplified by gain coefficients and respectively, before a summation is performed. This, from a practical perspective, does generate a problem. Noting that capacitance in power converters is usually in the microfarad ( ) range, its inverse term will be significantly higher than and . Hence, the overall gain coefficients and will become too high for practical implementation. If forcibly implemented, the feedback signals may be driven into saturation, thereby causing (12) to provide unreliable information for the control.
In view of that, it is simpler to reconfigure the switching function to the following description: (13) where ; and . From (1) and (9), we get (14) Thus, the practical implementation of becomes independent of , thereby reducing the amplification of the feedback signals. With this sliding line, the conditions for SM control to exist are (15) where (16) An interesting point here is that although there is modification to the equations, the maximum existence region will still occur at . In addition, the response time is still maintained at .
2) Introduction of Hysteresis Band:
Ideally, a converter will switch at infinite frequency with its phase trajectory moving on the sliding line when it enters SM operation [see Fig. 5(a) ]. However, in the presence of switching imperfections, such as switching time constant and time delay, this is not possible. The discontinuity in the feedback control will produce a particular dynamic behavior in the vicinity of the surface trajectory known as chattering [see [4] .
If the chattering is left uncontrolled, the converter system will become self-oscillating at a very high switching frequency corresponding to the chattering dynamics. This is undesirable as high switching frequency will result in excessive switching losses, inductor and transformer core losses, and EMI noise issues [18] . Hence, most PWM power supplies are designed to operate with switching frequencies between 40 kHz and 200 kHz [18] . Furthermore, since chattering is introduced by the imperfection of controller ICs, gate driver, and power switches, it is difficult to predict the exact switching frequency. Hence, the design of the converter and the selection of the components will be difficult.
To solve these problems, the control law in (4) is redefined as when when (17) where is an arbitrarily small value. The reason for introducing a hysteresis band with the boundary conditions and is to provide a form of control to the switching frequency of the converter. This is a method commonly employed to alleviate the chattering effect of SM control [17] . With this modification, the operation is altered such that if the parameters of the state variables are such that , switch of buck converter will turn on. Conversely, it will turn off when . In the region , remains in its previous state. Thus, by introducing a region where no switching occurs, the maximum switching frequency of the SM controller can be controlled. This alleviates the effect of chattering. Additionally, it is now possible to control the frequency of the operation by varying the magnitude of .
3) Calculation of Switching Frequency: To control the switching frequency of the converter, the relationship between the hysteresis band, , and switching frequency, , must be known. Fig. 6 shows the magnified view of the phase trajectory when it is operating in SM.
and are the vectors of state variable velocity for and , respectively. It was previously derived in [2] that (18) where is the time taken for vector to move from position to ; and is the time taken for vector to move from position to . By substituting in (18) (19) where for for we have (20) Further substitution of (15) into (20) results in (21) Therefore, the time period for one cycle in which the phase trajectory moves from position to is equivalent to (22) shown at the bottom of the page. Since the cycle is repeated (cyclic) throughout the SM steady-state operation, the frequency of the converter when it is operating in SM can be expressed as (23) shown at the bottom of the page. Using , the above equation becomes (24) Considering that and are nonconstant parameters consisting of respectively dc signals of and and time varying perturbations of and , we can resolve (24) into (25) using small-signal approximation where (26) (27) with representing the steady-state (nominal cyclic) switching frequency and representing the ac varying (perturbed) frequency of the converter. This indicates that if there are significantly small variations in the input and output voltages, i.e., and , the converter will be operating at a steady-state switching frequency of with very little ac frequency perturbation, i.e.,
. Since only the nominal steady-state operating conditions are considered in the controller's design, only (26) is required when it comes to the design of the steady-state switching frequency of the converter.
III. STANDARD DESIGN PROCEDURE
A standard SMVC buck converter module is proposed in this section, along with a step by step design procedure for practical implementation. A design example is provided for illustration. conventional schemes, the feedback sensing network for is provided by the voltage divider circuit, and . Additionally, a low resistance current transformer is placed in series with the filter capacitor to obtain the capacitor current, .
A. Standard SMVC Converter Model

B. Design Steps
The design of the buck converter is well covered in the literature [18] [19] [20] . Our discussion here starts with the assumption that the converter's parameters are known and are given in Table I .
These parameters are calculated on the basis that the converter is to be operated in CCM for 13 V to 30 V and 0.5 A to 4 A. The maximum peak to peak ripple voltage is 50 mV.
1)
Step 1: The current sensing gain, , is set at a value such that the measured capacitor current, is equal to the actual capacitor current, .
2)
Step 2: Setting reference voltage 3.3 V, is calculated using the expression 
Choosing V , we get V . Additionally, the resistors, , for the difference amplifier circuit: , are chosen as 10 k .
4) Step 4:
The parameter of the hysteresis band, , can be obtained from the re-arranged form of (26), i.e.,
where , , and are the nominal parameters of the converter. A plot giving the calculated values for different inductances and switching frequencies is shown in Fig. 8 .
The actual inductance, , used in the design is 110.23 . It should be noted that for CCM. Thus, substituting into (31), is calculated as 0.136. 1 
5)
Step 5: The setting of for the hysteresis band can be performed by adjusting the ratio of and of , using an equation derived from the mathematical description of a noninverting Schmitt Trigger (38), i.e.,
where and are respectively the positive and negative voltage supplies to Schmitt Trigger . Choosing as 110 , resistor is set as 12 .
1 The presence of hysteresis band in switching function introduces an error in the output voltage. It is important to limit the hysteresis band to a small value to minimize this error. On the other hand, if is too small, it may be very sensitive to change of (i.e., high df=d). A good value is to set in the range 0:1 0:2. Otherwise, a different inductance may be used to keep within the range. 
IV. EXPERIMENTAL RESULTS
This section evaluates the performance of the SMVC buck converter that is designed using the procedure described in Section III. The full schematic diagram of the experimental prototype is shown in Fig. 9 . Fig. 10 shows the graphs of the converter's average switching frequency for different values at nominal operating condition V and , that are obtained from calculation, simulation, and experiment. Specifically, the calculation is performed using the proposed design (26) and the simulation is carried out in Matlab/Simulink using the circuit expression of the proposed controller. Basically, the simulation and experimental data are in good agreement with the calculated data. The small discrepancy between the experimental data and both the calculated and simulated data is mainly due to component tolerances and finite time delay of practical circuitries. In practical development, fine tuning of is still required to achieve the desired . Fig. 11 shows the graphs of the measured average switching frequency and average output voltage against for load resistances 3, 6, and 12 . From the figure, is notably higher with lower , and is lower with lower . Additionally, a major point to highlight is that at low , i.e., high switching frequency, the voltage regulation is tighter and more accurate. In our design, by setting 0.1 0.2 in the design, we limit the voltage accuracy within 0.12 V (i.e., of ) error.
A. Verification of Design Equation
B. Steady-State Performance
Our experiment hereafter uses a controller that is fine-tuned to a switching frequency of 200 kHz by replacing with a 16 k resistor, thereby setting 0.1. Fig. 12 shows an example of the output voltage ripple, inductor current, and switching state waveforms of the SMVC buck converter at steady-state operation. Performing to design expectation, the converter operates at an average switching frequency of 199 kHz, with small frequency fluctuations, and the output voltage ripple (without considering the ringing oscillation) is around 10 mV (i.e., of ), under the nominal operating condition 24 V and . Fig. 13 gives the experimentally measured and for load resistance . It can be concluded that voltage regulation of the converter is robust to load variation, with only a 0.37 V deviation (i.e., 3.1% of ) in for the entire load range, i.e., load regulation averages at 0.04 V . Additionally, the experimental readings also indicate that there is a change of switching frequency when the load vary. From the figure, the variation of switching frequency with respect to load resistance averages at . Theoretically, the nonlinear expression of can be obtained by differentiating (23) with respect to , i.e.,
C. Load Variation
D. Line Variation
The experimentally measured and for input voltage range V 30 V are plotted in Fig. 14 . It can be observed that both and increase with increasing . Specifically, output voltage deviation is 0.14 V (i.e., 1.2% of ) for the entire input range, i.e., line regulation averages at 8.235 mV/V. The variation of switching frequency with respect to input voltage averages at 10.176 kHz/V. Theoretically, the nonlinear expression of can be obtained by differentiating (24) with respect to , i.e., (34) 15 shows the output voltage ripple waveform of the converter operating at nominal load when is sinusoidally varied from 17.5 V to 29.0 V at a frequency of 100 Hz. This was performed to test the robustness of the converter to a slowly varying input voltage. It is found that the maximum peak to peak output voltage is around 235 mV, i.e., the input voltage ripple rejection is 33.8 dB at 100 Hz. The converter has displayed adequate control performance against audio susceptibility.
E. Variation
The dynamic behavior of the converter corresponding to different sliding coefficients is also investigated. Fig. 16(a)-(f) show the output waveforms of the operation with load resistance that alternates between and for the controller with sliding coefficients: (a) , , and (f) , respectively. The results are summarized in Table II. Noticeably, as increases, the dynamic response of the converter improves with shorter settling time and lower overshoots. This is in good agreement with our theory that dynamic response improves with increasing . However, when is too high, the converter is unstable [see Fig. 16(f) ]. This is due to the distortion of the control signal caused by the saturation of amplified feedback signal [refer to the discussion related to (12)]. Fig. 17(a)-(f) show the output waveforms of the startup operation for the controller with the same set of sliding coefficients. The purpose is to examine the oscillatory behavior of the response due to , which exercises direct influence on the existence region in the control. Consistent with theory, the degree of oscillation increases with the increasing . Since the magnitude of the oscillations will be high for heavy loads, the effect of oscillation due to should be taken into consideration when designing high power converters. 
F. ESR Variation
The converter is also subjected to an ESR variation test. The idea is to investigate the effect of the output capacitor's ESR on the switching behavior of the converter. Fig. 18(a)-(c) illustrates the experimental waveforms of the converter with the same output capacitance, for different ESR values (25 , 125 , and 225 ), operating under nominal load conditions 24 V and . As expected, output voltage ripples are higher with larger values of ESR. However, the variation of ESR does not influence the behavior of capacitor current. In all cases, the peak-to-peak capacitor current remains at 0.36 A, while the average switching frequency is at around 200 kHz. Hence, it is evident that output capacitor's ESR has little influence on the switching frequency.
V. FURTHER DISCUSSION
This section discusses the merits and drawbacks of the proposed standard SMVC converter as compared to conventional current mode and voltage mode converters. Suggestions to alleviate the various drawbacks are also provided.
A. Advantages
The main advantage of the SMVC converter is the simplicity in the controller's design and implementation. Unlike conventional current mode and voltage mode controllers which require special techniques (e.g., pole placement method) to estimate their controllers' gain parameters, the SM voltage controller's parameters can be precisely calculated from simple mathematical equations.
Furthermore, since the SMVC controller is designed from the large-signal converter model, it is stable and robust to large parameter, line, and load variations. This is also a major advantage over conventional current mode and voltage mode controllers which often fail to perform satisfactorily under parameter or large load variations because they are designed from the linearized small-signal converter models [21] .
B. Disadvantages
One major disadvantage of the proposed SMVC converter is that it has a nonzero steady-state voltage error. This is due to the adoption of the phase canonical form in the design, which makes the controller a proportional-derivative (PD) type of feedback controller [21] , and the presence of hysteresis band in the switching function, which being nonzero in its average value also introduces an error in the output voltage [5] .
Another disadvantage of the proposed converter is that its steady-state switching frequency is affected by the line and load variations (refer to Figs. 13 and 14) . For line variation, this can be understood from (26) where with preset design parameters , , and , a deviation in the input supply, , will result in a change in the steady-state dc switching frequency, . Specifically, increases as increases. For load variation, the change in switching frequency is caused by two components. First, it is due to the imperfect feedback loop that causes a small steady-state error in the output voltage which in turn causes small deviation of the switching frequency from its nominal value [see (26)]. Second, it is due to the mismatch between the nominal load and operating the load. This can be understood from (23) where with preset control parameter for a certain nominal load , a change in operating load from its nominal value will lead to a frequency not given by (24).
C. Possible Solutions
The steady-state voltage error can easily be eliminated by converting the controller into a PID-type through the introduction of an integrator to process the voltage error signal [5] , [15] . Such controllers are well-known and will not be discussed in this paper.
One possible method of maintaining the switching frequency against line variation is by introducing an adaptive feed-forward hysteresis band control that varies the hysteresis band with the change of . Practically, this can easily be performed by imposing a variable power supply, and , which changes with variation, to power the Schmitt Trigger circuit [see (40)].
An adaptive feedback controller that varies the parameter, , with the change of load , can be incorporated to maintain the switching frequency of the converter against load variation. The idea is to adaptively maintain the operating status at for all load conditions. Such system has been proposed in [22] to improve system's performances. Here, it is suggested as a means to also maintain the validity of (24) so that becomes independent of . Hence, the effect of frequency variation caused by the mismatch between the nominal and the operating load is eliminated. Additionally, with better regulated steady-state output voltage with the adaptive feedback control scheme [22] , the issue of switching frequency deviation due to the variation of the output voltage is also alleviated.
Details of the design and derivation of such adaptive feedforward and feedback control schemes will be addressed in the subsequent paper. Considering that both and must be balanced when powering the Schmitt Trigger, the power supply description should be (40)
